This paper reports the fabrication method and mechanical properties of a shape memory alloy (SMA) fiber/plaster smart composite, which can be used in architectural and civil engineering applications. Fe-Mn-Si-Cr SMA fibers are subjected to pretensile strain at room temperature, and are embedded into plaster matrix. The Fe-Mn-Si-Cr SMA fiber/plaster composites are then heated up to 250 • C (above A s ) to generate a compressive residual stress in the matrix. Three-point bending test is performed for the mechanical property characterization. Fiber pull-out test is also conducted to evaluate the bonding strength at interface between SMA fiber and plaster matrix. Finite element analyses are carried out to have some further insights on the experimental results. It is found that the bending strength of the composites enhances with increasing level of pretensile strain. By using the inexpensive Fe-Mn-Si-Cr SMA fibers for the reinforcement of the SMA composite, one can obtain materials for practical engineering applications at low cost.
Introduction
The residual stress in a composite is mainly caused by the mismatch of the thermal expansion coefficient between the matrix and reinforcement, when the composite fabricated at high temperature is cooled down to room temperature. The effect of the residual stress induced by the thermal expansion coefficient mismatch on the mechanical properties of composite has been studied. 1, 2) It was shown that the compressive residual stress enhances the mechanical properties of the composites. If the composites are reinforced by the shape memory alloy (SMA) fiber that shrinks in the matrix, one can introduce an artificial compressive residual stress along the direction of the shrinkage. Then the mechanical properties of composites will be improved significantly.
Recently, much attention has been paid to the development of SMA composites. [3] [4] [5] [6] [7] For example, Furuya et al. 3) have proposed a design concept of NiTi SMA fiber/Al composite. Mechanical properties of NiTi SMA fiber/CFRP have been studied by Jang et al. 7) The motivation of this research is to develop an SMA fiber/plaster composite which will be commercially applicable for architectural and civil engineering materials applications. For this purpose, the NiTi SMA is not suited, since the NiTi SMA is unacceptably expensive.
Meanwhile, it is known that some Fe-Mn-Si alloys with suitable composition exhibit a good shape memory effect of a one-way type with the temperature hysteresis as large as 500 • C, governed by the fcc (γ ) ↔ hcp(ε) transformation. 8, 9) Fe-Mn-Si alloys appear to be commercially applicable owing to their inexpensiveness and excellent workability. With addition of Cr, it is possible to achieve a good corrosion resistance, which enhances commercial significance to this type of alloy. 10) Therefore, by using the Fe-Mn-Si or Fe-Mn-Si-Cr SMA for reinforcement of the SMA composite, one can produce practically and economically sounded engineering ma- * Graduate Student, Shinshu University.
terials.
In this study, Fe-27.2 mass%Mn-5.7 mass%Si-5 mass%Cr SMA fibers are subjected to pretensile strain at room temperature (below M d temperature), and are embedded into plaster matrix. Then the Fe-Mn-Si-Cr fiber/plaster composites are heated to 250 • C (above A s ) to generate the compressive residual stress in the matrix. The bending strength of the composites is tested at room temperature. Fiber pull-out test is also conducted to evaluate the bonding strength at interface between SMA fiber and plaster matrix. Moreover, finite element analyses are carried out to have some further insights on the experimental results. In addition, potential applications of this composite are discussed.
Experimental Procedures

Fe-Mn-Si-Cr shape memory alloy
The composition (in mass%) of the SMA fiber used in this investigation was Fe-27.2Mn-5.69Si-5.02Cr-0.047C. The as-received material, in the form of 1 mm diameter fiber, was subjected to heat treatment in vacuum at 950 • C for 20 min, followed by air cooling to room temperature in order to obtain a single phase austenite microstructure (shape memory treatment).
In order to assess the shape memory effect of the Fe-Mn-Si-Cr SMA fiber used for the composite, the ratio of shape recovery versus annealing temperature curves were obtained. Tensile tests were carried out on a screw-driven test machine at a strain rate of 0.03 mm/min. Tensile strains of 1%, 2% and 3% were given, respectively, at room temperature. Following the tensile deformation, each specimen was annealed at temperatures ranging from 100 to 450 • C for 20 min for every interval 50 • C. Point markings were introduced by a micro-Vickers hardness tester for determination of length changes due to tensile deformation and heat treatment. 9) 
Fabrication of SMA fiber/plaster composite
The fabrication process and the strengthening mechanism of a plaster matrix composite by use of the shape memory effect of the Fe-Mn-Si-Cr alloy are summarized in Fig. 1 .
(1) Shape memory treatment was given to the Fe-Mn-Si-Cr SMA fibers to memorize the straight shape ( Fig. 1(a) ). (2) The SMA fibers were subjected to pretensile strain at room temperature (below the M d temperature) ( Fig.  1(b) ). (3) The SMA fibers were embedded into plaster plus water matrix ( Fig. 1(c) ). The volume fraction of fiber is 0.03. The dimensions of the specimen are shown in Fig. 2 .
Since the humidity and the temperature have effects on the solidification of plaster, 12) they were fixed to be 58% and 20 • C, respectively, during the fabrication of composite. Specimens were dried at 20 • C for 2 days after solidification of the plaster matrix, and were kept in a dryer at 40 • C for 2 hours before the heat treatment. (Fabrication of an SMA fiber/plaster composite) (4) The SMA fiber/plaster composites were heated to 250 • C (above A s ) to generate the compressive residual stress in the matrix along the fiber axis ( Fig. 1(d) ).
Three-point bending test
A three-point bending test was performed using a screwdriven test machine at a crosshead speed of 2 mm/min. Figure 2 also shows the three-point bending test setup, where the lower span length of the bending test specimen was 60 mm. The specimen was loaded until fracture occurred, and bending strength was calculated from the load-stroke curves. The number of bending tests was more than five for each condition.
SMA fiber pull-out test
To evaluate the bonding strength at interface between SMA fiber and plaster matrix, fiber pull-out test was also conducted. After SMA fiber was subjected to pretensile strain at room temperature, one SMA fiber was embedded into the center of plaster matrix with 20 mm × 20 mm × 80 mm in size. This test piece was heated to 250 • C for the shape recovery to occur for the SMA fiber. Figure 3 shows a schematic illustration of SMA fiber pull-out test. The fiber pull-out test was performed using a screw-driven test machine at a crosshead speed of 1 mm/min. Figure 4 shows the shape recovery strain versus annealing temperatures for the SMA fiber subjected to 1, 2 and 3% pretensile strains. In all cases, the ratio of shape recovery is nearly constant above 400 • C. Note that the shape memory effect decreased with increasing pretensile strain, which agrees with the previous results. 8, 11) Since the ratio of shape bending strength as a function of the amount of pretensile strain. The bending strength of the plaster specimen is also shown in this figure. The bending strength of the
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Fracture behavior of plaster matrix
A typical macrograph of plaster without the SMA fiber (plaster specimen) after three-point bending test is shown in Fig. 5 . And a typical bending load as a function of compression stroke curve is shown in Fig. 6 . As can be seen, the plaster without SMA fiber shows brittle fracture. A significant fracture toughness enhancement may be achieved by the fiber reinforcement.
Fracture behavior of SMA fiber/plaster composite
In Fig. 7 , an example of the fractured SMA fiber/plaster composite after three-point bending test is shown. Figures  8(a) , (b), (c) and (d) show examples of bending load versus compression stroke curves for the composites with 0%, 1%, 2% and 3% pretensile-strained SMA fiber, respectively. These composites are hereafter abbreviated as 0%-, 1%-, 2%-and 3%-composites, respectively. The bending load increases with increasing compression stroke up to 1.5-2.0 mm in the given examples, and then decreases slowly. Since the composite with 0% pretensile-strained SMA fiber (0%composite) shows ductile fracture compared with plaster specimen, we can conclude that the SMA fibers play an important role on improvement of the fracture toughness of plaster.
Using the load-stroke curves obtained, Fig. 9 plots the recovery at 250 • C for 1, 2 and 3% pretensile-strained specimens are 0.79, 0.55 and 0.41, respectively, shrinkages of SMA fibers with 80 mm length are 0.63 mm for 1% pretensile strain, 0.88 mm for 2% pretensile strain and 0.98 mm for 3% pretensile strain. Enhanced Mechanical Properties of Fe-Mn-Si-Cr Shape Memory Fiber/Plaster Smart Composite 977 displacement curve to be slightly nonlinear. To carry out the analysis, a commercial finite element software ABAQUS 13) was used. Linear axisymmetric solid element with four integration points (CAX4 13) ) was adopted. The elastic modulus of plaster was determined so that the slope of applied load-some useful insights on the failure mechanisms of SMA fiber/plaster matrix specimen were obtained. In this section, we will discuss, 1) general observations, and 2) where and when fracture at the interface region initiates based on stress distributions.
The boundary conditions and model descriptions are illustrated in Fig. 11 . The axisymmetric finite element model is shown in Fig. 12 . When SMA fiber undergoes strain recovery due to the shape memory effect, the stress distribution and deformation of the specimen only due to the strain recovery without any external loadings are computed, and then SMA fiber is pulled in upward direction. When the analysis for strain recovery of SMA fiber is carried out, no displacement constraints on the specimen is specified except for ones that suppress rigid body motion. Then, displacement at the top end of SMA fiber incrementally increases. Contact between the jig and the plaster is accounted for by using a contact algorithm. It is noted that since the contact condition is specified between the jig and the specimen, geometric nonlinear analyses are carried out though the materials are linear. As specimen is loaded, the area of contacting surface may change, therefore it is expected for applied load- These phenomena will be discussed with the results of finite element analyses.
Finite element analysis for fiber pull-out experiment on SMA fiber/plaster composite
The finite element analyses were carried out to have some further insights on the experimental results. Though only elastic analyses were carried out in this investigation, Figure 10 shows applied load-displacement curves measured during SMA fiber pull-out test. The maximum values of fiber pull-out load increases with increases in the amount of pretensile strain. At the same time, fracture displacement also increases with increases in the amount of pretensile strain. 0%-composites is less than 3 MPa, although that of 2%composites is about 4.5 MPa. In this way, the bending strength of the composites increases with increasing the level of pretensile strain. Note that the bending strength of the 0%composites is equal to that of the plaster specimen. Therefore, the improvement of the bending strength does not occur by SMA fiber reinforcements themselves but by compressive residual stress introduced by shape memory effect of SMA fibers.
Experimental results of SMA fiber pull-out test
It is noteworthy that the bending strength of the 3%composites is smaller than that of 2%-composites. This decrease may be attributed to the imperfect bonding at interface between SMA fiber and plaster matrix. If the 3%composite had sufficient bonding strength, the 3%-composite should show larger bending strength compared with the 2%composite. In fact, the scatter of the data for 3%-composites is found to be considerably greater than those for other composites, and greater scatter means presence of composite with large bending strength. Although the data is not presented here, it was also found that the bending strength increased with increasing the volume fraction of SMA fibers. As already mentioned before, SMA fibers themselves do not enhance the bending strength. Therefore, this phenomenon may also be attributed to the overall bonding strength at interface between SMA fiber and plaster matrix. displacement curve obtained by finite element analysis for the case without strain recovery matches the initial elastic slope of experimental applied load-displacement curve. Mechanical properties of materials are given in Table 1 .
In Figs. 13 and 14 , typical shear stress distributions in the cross section of the specimen are presented. In Fig. 13 , shear stress distribution without the strain recovery is presented. A large magnitude of shear stress is generated in the interface Fig. 18 . Fibers are placed in plaster matrix in the y direction and their strain recoveries due to the shape memory effect are modeled by specifying initial strains. They are ε I yy and ε I xx = ε I zz = −0.5ε I yy in x 3 and the other directions, respectively. ε I 33 was set to be 0, −0.8% and −1.2% (for 0, 0.8% and 1.2% of strain recovery, respectively). The values −0.8% and −1.2% of initial strain ε I yy roughly correspond to the cases of 1% pretensile strain with 79% strain recovery ratio (1%composite) and 3% pretensile strain with 41% strain recovery ratio (3%-composite), respectively. recovery ratio, the magnitude of shear stress at the bottom of the specimen is about 1.6 MPa before it is loaded. This magnitude of shear stress is similar to or just below the fracture stress of 1.7 MPa. The magnitude of shear stress at the top portion decreases rapidly as the specimen is loaded, whereas that at the bottom gradually increases. This implies that the fracture of specimen would occur from the bottom also and then the stress at the top increases and reaches the fracture stress. Thus, the fracture is considered to progress from both the bottom and top of the specimen. Therefore the region of progressive material damage is much larger than previous cases. This phenomenon can be explained in another way that the bonding between the SMA fibers and plaster matrix becomes imperfect because the large magnitude of stress would induce a damage at the interface.
Finite element analysis for three-point bending ex-
periment on SMA fiber/plaster composite Finite element analyses on the three-point bending experiments were also conducted using a fully three dimensional model. Linear eight noded brick element with eight integration points was adopted. There are a total of 16800 elements and 18291 nodes. Analyses were carried out by using an inhouse finite element program (see, for example, Hughes 14) for finite element method). Boundary conditions, which are specified to carry out the analyses on the three-point bending specimen and the plane of visualization, are shown in Fig. 17 . Only a quarter of the specimen was modeled for the finite element analyses because of the symmetry. Mechanical properties of SMA fiber and plaster matrix, that are determined in the fiber pull out analysis, are used and are already given in Table 1 . In this analysis, small strain linear elasticity is assumed. The finite element model is shown in creases but the slopes of the curves are much less than those at the top.
From the experiment (Fig. 10) , nonlinear deformation in the case without the strain recovery of SMA fiber seems to become significant when the applied load reaches about 150 N. Corresponding applied displacement, which is obtained from the finite element analysis, is about 0.32 mm. The shear stress in the interface region between SMA fiber and plaster is about 1.7 MPa (Fig. 15 ). This shear stress is considered to induce the damage of plaster at the interface region or fracture at the interface between plaster and SMA fiber.
When the specimen is tested after SMA recovered a strain for about 0.8%, corresponding experimental data is available in Fig. 10 that is the case of 1% pretensile strain and 79% recovery ratio. The magnitude of shear residual stress at the interface between fiber and plaster at the top and bottom of the specimen is about 1.1 MPa (Figs. 15 and 16 ). This magnitude of shear stress is considered to be below the fracture stress, which was seen in the analysis without shape memory effect. When the specimen is loaded, the shear stress at the top of specimen rapidly increases and reaches to the fracture stress, and the strength of the specimen is enhanced for about 50 N or little less. In the experiment, an enhancement of similar magnitude is seen in Fig. 10 . The fracture of specimen is considered to initiate from its top region.
When the strain recovery is about 1.2%, which roughly corresponds to the case of 3% pretensile strain and 41% strain region at the top end of plaster. In Fig. 14, stress distribution after the strain recovery, without any loading and when SMA fiber is pulled, is presented for 1.2% strain recovery. Displacement at the top of SMA fiber is 0.5 mm. The signs of the shear stresses at the top and bottom are opposite to each other. Figure 15 shows the shear stress at the interface region between SMA fiber and plaster at the top of specimen, which are plotted against the applied displacement. Figure 16 shows those at the bottom of specimen. Shear stress at the top, which is induced by the strain recovery of SMA fiber, is opposite to that induced by applied displacement. Therefore, in Fig. 15 , as applied displacement increases the sign of shear stress changes. In other words, the magnitude of shear stress decreases initially, becomes zero and keep increasing as the applied displacement increases. Shear stress at the bottom of specimen keeps increasing as the applied displacement in- Fig. 15 Shear stress at the top interface region between SMA fiber and plaster. Fig. 16 Shear stress at the bottom interface region between SMA fiber and plaster.
The analyses were carried in two steps. First, a problem with specified initial strains is solved without any external loadings. Second, a beam bending analysis is carried out without any initial strains. The results of these two problems are superposed and the solutions for three-point beam bending problems with specified initial strains are obtained. Applied load is given by prescribed nodal displacements in −z direction and are adjusted so that the total force applied to the specimen equals 300 N. It is noted that the superposition of solutions is possible because the problems are linear and elastic.
First, we look into the effects of strain recovery of SMA fibers. A typical deformation of the plane of visualization due to the strain recovery of 0.8% in SMA fibers is depicted in Fig. 19 (1%-composite) . Intensive deformations are seen at the intersections of beam end free surface and SMA fibers.
A typical distribution of shear stress τ yz in plaster matrix in the plane of visualization is depicted in Fig. 20 for the case of strain recovery of 1.2% (3%-composite). This case was chosen so that the shear stress has a significant magnitude. Relatively large magnitude of shear stress at the intersection of SMA fibers and beam free surface is seen. The results, which are depicted in Figs. 19 and 20 , indicate that the compressive initial strain of SMA fibers causes stress concentrations at the intersections of SMA fiber and beam free surface. The same phenomenon was also seen in the analyses on the fiber pull out specimen, as already described. The magnitudes of stress concentration are rather weak for SMA reinforced beam than for the fiber pull out specimen. This is because SMA fibers are much more populated in the composite beam than in the fiber pull out specimen. The mechanisms causing the stress concentrations are considered to be the same for both the cases.
Next, some discussions on the results of beam bending analysis are presented. We first discuss on the bending deformation of beam without any strain recovery of SMA fibers. In this case, the beam behaves as a fiber reinforced composite material (0%-composite). In Figs. 21 and 22, the distributions of normal stress σ yy and shear stress τ yz in the plane of visualization of beam along with its deformation are presented. A relatively large magnitude of tensile stress is seen at the bottom center of the beam in Fig. 21 . Also, a large magnitude of shear stress τ yz is seen around SMA fibers above the support (Fig. 22) .
When the strain recovery of SMA fibers is included, the distributions of stresses change. The distributions of normal stress σ yy and shear stress τ yz are depicted in Figs. 23 and 24, when 0.8% compressive initial strain is given to SMA fibers (1%-composite). As seen in Fig. 23 , normal stress at the bottom center of the beam is in compression due to the presence of initial strains in SMA fibers. Comparing Figs. 22 and 24, the region of relatively large magnitude of shear stress τ yz is seen to enlarge towards the end surface of the beam when the strain recovery is assumed. Stress distributions, when the magnitude of the strain recovery is further increased to be 1.2%, are shown in Figs. 25 and 26 (3%-composite). The value of normal stress σ yy is mostly negative throughout the beam. Even at the bottom center of the beam, the stress is negative and its value is relatively large. The region of strong magnitude of shear stress τ yz further enlarges and reaches to the end surface of the beam.
Based on the results of the finite element analyses, we can discuss on the failure mechanisms of three-point bending specimens. Normal stress σ yy at the bottom center of the beam is positive (in extension) when the strain recovery of SMA fibers is not assumed, and the normal stress turns to negative (compression) as the magnitude of the strain recovery increases. This implies that without the strain recovery, the failure of the specimen may initiate from its bottom center due to the tensile stress. When the magnitude of the strain recovery increases, the compressive normal stress at the bottom center of the specimen prevents failure initiation. On the other hand, as seen in the analyses on the fiber pull out experiment, stress concentration occurs at the intersection of SMA fibers and beam end free surface when the strain recovery is assumed. Relatively large magnitude of shear stress τ yz is seen Enhanced Mechanical Properties of Fe-Mn-Si-Cr Shape Memory Fiber/Plaster Smart Composite 983 strain recovery of SMA fibers, is clearly seen in the finite element analyses for three-point bending specimens. The residual stress is so large that in some cases stress remains to be in compression even when the specimens are subject to the applied load. This may have caused the change of failure mode of three-point bending specimen. (6) Since the price of Fe-Mn-Si-Cr SMA fibers is relatively low, one can obtain actual and economical SMA composites for engineering applications by using Fe-Mn-Si-Cr SMA fibers. at the interface between SMA fiber and plaster matrix above the support, and would interact with the stress concentration at the beam end free surface. This means that the strain recovery would intensifies the magnitude of stress concentration and enlarges its region. Thus, as the strain recovery increases, the location of failure initiation would shift from the bottom center to the location of large magnitude of shear stress τ yz (above the support). The mode of failure initiation would also shift from matrix fracture due to tensile stress to shear fracture at the interface between SMA fiber and the plaster matrix. The shear stress at the interface intensifies as the strain recovery increases and may dominate the initiation of failure. This phenomenon can be explained in another way that the induced residual stress would make the bonding between the SMA fibers and plaster matrix imperfect. There should be an optimum amount of strain recovery of SMA fibers making the composite the strongest.
Summary
(1) The fracture toughness of plaster could be improved by fiber reinforcements.
(2) It is also found that the bending strength of the composite increases with increasing level of pretensile strain in the SMA fiber.
(3) The fact that the scatter of the data for 3%-composites is considerably greater than those for other composites implies imperfect bonding at interface between SMA fiber and plaster matrix for 3%-composites.
(4) When the strain recovery of SMA fibers is assumed, a considerable magnitude of stress concentration in plaster matrix around the fibers at the vicinity of free surface is found in the finite element analyses. The stress concentration intensifies as the amount of strain recovery increases. Thus, some damage which makes the bonding between the SMA fibers and plaster matrix imperfect. This observation support the experimental result that the data scatter for 3%-composite was greater than that for other specimens.
(5) Compressive residual stress, which is induced by the
